The formation of a ground vortex under a rotorcraft flying at low advance ratios in ground effect has been reported by various researchers in the past. The ground vortex plays a big role in the handling and thrust characteristics of the rotorcraft while flying close to the ground. This study will look at the structure of the ground vortex using flow visualization techniques, analyze the frequency components of the ground vortex using hotwire measurements and then measure the velocities in and around the ground vortex using Particle Imaging Velocimetry (PIV). It was seen that the ground vortex is much stronger than the tip vortex. It was also seen that tip vorticity was entrained into the ground vortex. I. Introduction T he behavior of the rotor wake in the vicinity of the ground is challenging to predict. Under in ground effect (IGE) conditions, the wake collides with the ground and cause a significant perturbation to the flow near the blade. Unlike out of ground effect condition (OGE), significant interactions between the main rotor wake and the ground have been associated with the formation and passage of the ground vortex in transitional flight. If a helicopter encounters a ground vortex, the main rotor may be forced to provide additional power and the stability of the aircraft is degraded. This complexity is most apparent during the transition from hover to forward flight in ground effect. Flight time history for a helicopter in forward flight near the ground is shown in the report by Serr et al , 1 and indicates that pitch-roll attitude, and power requirements are continually changing during the transition from hover to forward flight while close to the ground.
A. Previous Work
Much of the early studies of ground effect concentrated on the variation of average thrust in hover when close to the ground. This was important to understand the hover capabilities of helicopters when flying close to the edge of their performance envelope, specially in "hot and high" operating conditions.
Earliest analytical studies were done by Kussner 2 and Betz 3 and they showed that the effect of the ground was minimal when the rotor was higher than 1 rotor radius above the ground.Analytical work was done in the 1940s where the effect of ground proximity was studied on a lifting airscrew, 4 who developed a vortex cylinder model. Experimental work in this area was done at Georgia Tech in the 1950s, where the electromagnetic analogy was used to measure the normal component of the induced velocity in ground effect. 5 Curtiss et al were the first to categorize the two regimes of low advance ratio flight close to the ground 6 .
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They found that when a lifting rotor operates close to the ground at low advance ratios two distinct flow regimes can be identified. In the recirculation regime, part of the rotor wake flows forward and upward and recirculates through the rotor and fluctuates at a low frequency. This flow regime is shown schematically in Fig. 1(a) . As the advance ratio is increased the second flow regime appears, and a well-defined vortex forms under the upwind half of the rotor ( Fig. 1(b) ). They found that the flow field becomes more steady as the elliptically-shaped horseshoe vortex is formed on the ground under the rotor. They found that the vortex becomes smaller as the advance ratio is increased until it is convected downstream at high advance ratios. The existence of these flow regimes can be characterized by the dimensionless parameter, which can be derived from momentum theory.
This parameter determines the gross characteristics of the wake, i.e., the wake deflection angle. They contend that there is a difference in the flight conditions at which the various flow phenomena exist depending upon whether a moving model test or a wind tunnel test is conducted. The recirculation regime is associated with a significant additional downward flow through the forward half of the rotor. The flow field is quite unsteady. In contrast, the flow field associated with the ground vortex appears quasi steady. It was also noted that low levels of translational acceleration influence the forces and moments acting on the rotor and that under accelerating conditions the ground vortex does not become fully established. In order to estimate the order of magnitude of the ground vortex strength, an elementary ground vortex was modeled as a line vortex, as per the method derived by Heyson.
8 The linearized estimate shows that the ground vortex is at least an order of magnitude stronger than the tip vortex. Curtiss et al also found that increasing collective pitch moves the ground vortex forward, and reducing height-to-diameter ratio moves the ground vortex forward.
7 They noted the change in hub moment that occurred due to increase in inflow in the upwind half of the rotor disk. They noted irregular variations in the thrust and hub moments with change in advance ratio. section can be seen in Fig. 2 and the coordinate system is shown in Fig. 3 . The rotor has a diameter of 36 inches and a chord of 3.375 inches. It is an untwisted rotor with a NACA 0015 airfoil set at a collective pitch of 10
II. Experimental Study of the Ground Vortex
• . The rotor shaft is tilted forward by 6
• to simulate forward flight and the rotor RPM is 2100. The rotor has a solidity of 0.1193 and the height to radius ratio (h/R) IGE is 0.72 and OGE is 2.77. The ground vortex has been visualized and studied by various researchers in the past. They have looked at vortex position and its effect on rotor thrust and power requirements. This research looked at hotwire measurements around the ground vortex. However, while hotwire measurements are useful to resolve the high frequency components, they are point measurements. They are also not very good at resolving the directional components of the velocities. Particle Image Velocimetry (PIV) provides an effective way to capture velocity field measurements accurately. The PIV experiment would help in quantifying the flow field under the rotor in ground effect, and to better understand the structure of the ground vortex.
D. Introduction to PIV
A PIV system consists of four components-a laser to visualize the flow, seed particles to scatter the light, a camera to record the images and a computer to analyze the images. PIV works by flashing the laser in two pulses separated by a known interval to illuminate the flowfield of interest, which is seeded with tracer particles. The change in the position of the particles on the images associated with the time interval provides the velocity of the particles. Early systems depended on tracking individual particles, but correlation based PIV is a more efficient way to calculate the velocities of the particles. Correlation based PIV can be based on auto-correlation, where one image is exposed twice to the laser flashes, or on cross-correlation, where two separate images are obtained for the laser pulses. The technique used in this study is the cross-correlation PIV. The two images are divided into small regions known as interrogation spots and the cross correlation function is calculated for each spot to provide one vector per spot. The determination of velocity is done by spatial cross correlation of the images. The location of the highest correlation peak in the correlation plane corresponds to the most likely average particle displacement in the interrogation area.
12 Sub-pixel accuracy of the displacement is usually obtained by fitting a Gaussian function to the correlation peak, and finding the exact peak location. More details of the cross correlation process can be found in References 13 and.
14 Signal-to-noise ratio begins to degrade for particle displacements exceeding 1/4th of the interrogation spot size 15 and about 7 to 10 particles in each interrogation spot is necessary for accurate PIV measurements.
16
The ideal size of seeding particles is between 3 and 4 pixels. The other requirements for optimum accuracy for PIV measurements are summed up by Bolinder.
12

E. Experimental Plan
The experiment was conducted in the John Harper Wind Tunnel. A picture of the experimental set-up is shown in Fig. 4 . A 10 bit SharpVision CCD camera of 1360x1024 pixel resolution was used to obtain double exposed flow images. The frame separation was set to 25 microseconds keeping the expected maximum velocity to stay well within this threshold, and also to minimize the probability of particle loss due to outof-plane movement. Seeding was done with a mineral oil atomizer, and the atomized flow was sent through a bent tube to filter out particles larger than 0.25 mm. A calibration check was done on the particles in the image plane and the particles fell into the range of 0.19mm (+ 0.07mm -0.05mm), which meant that particle size ranged from 1.9 to about 4 pixels. Frequency doubled Nd-YAG lasers at 532 nm were used to provide the illumination for the PIV study. A timing and synchronization unit was used to trigger the laser at the 90
• -270
• position of the rotor. The laser sheet was aligned along the center line under the rotor in the upwind-downwind direction along the tunnel axial direction. The pulse separation was determined by estimating the velocity in the measurement region with the help of the hotwire measurements. This was used to calculate the pulse separation to give a particle pixel shift of between 4 and 6 pixels while ensuring that the out-of-plane movement of the particles were not greater than about 1/3 the sheet thickness.
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The co-ordinate system of the PIV set-up is shown in Fig. 5 . The rotor shaft is tilted forward 6
• and the positive X direction is in the upwind direction. The positive Y direction is toward the inflow region of the rotor. The positive u component of velocity is in the upwind direction and positive v component of velocity is upward. It should be noted that the zero position of the co-ordinate system is the center of the shaft at the teetering pivot of the rotor.
Since a relatively large area had to be covered while capturing the fine flow details, it was decided that the field of interest would be divided into smaller measurement areas. This would ensure that finer flow details and higher spatial scales would be captured. So the area of interest was divided into 24 sub-grids, and the layout is shown in Fig. 6 . 
F. Results
The results will be plotted for the whole area of coverage to give an overview of the flowfield and to get a holistic view of the flowfield around the ground vortex. This wide area view will then be broken up into 8 zones to get a closer look at the flow features. The coverage area and the details of the eight zones are given in Fig. 7 . It is to be noted that the X and Y axes on all the plots are denoted in mm and all the velocity values are in m/s. The total coverage area and the individual zones can also be seen in the figure. As noted earlier in Fig. 5 the origin of the grid is at the hinge of the teetering rotor. The flowfield at µ of 0.05 is shown in Fig. 8 . The tip vortex and the inboard wake can be seen. This is a transitional stage between the recirculation and ground vortex regime. The nascent ground vortex can be seen, and it is raised above the ground.
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The tip vortex can be seen with the associated velocity gradient in zone 2 in Figs. 9, 10 and 11. The stagnation region under the rotor where the downflow diverges can be seen in zone 5 (Figs. 12, 13 and 14) . The recirculating flow can be seen in zone 6 (Figs. 15, 16 and 17 ).
Advance Ratio 0.06
The flowfield at µ of 0.06 is shown in Fig. 18 . The ground vortex has completely formed. One can also notice that the ground vortex has moved backward and closer to the ground with an increase in advance ratio.
The core of the ground vortex can be seen in zone 6 (Figs. 19, 20 and 21) . The tip vortex can be seen with the associated velocity gradient in zone 2 in Figs. 22, 23 and 24.
Advance Ratio 0.07
The flowfield at µ of 0.07 is shown in Fig. 25 . The ground vortex is now visible with a tight core and has moved under the rotor. The tip vortex from the previous blade can be seen and it can be seen that the tip vorticity is being incorporated into the ground vortex. The core of the ground vortex can be seen in zone 6 (Figs. 26, 27 and 28 ).
Advance Ratio 0.08
The flowfield at µ of 0.08 is shown in Fig. 29 . The ground vortex is now tighter and has moved further rearward.
The interaction between the tip vortex and the ground vortex can be seen in zones 5 and 6 (Figs. 30, 31,  32, 33, 34, and 35 ).
G. Vorticity in the Flowfield around the Ground Vortex
The vorticity contours at advance ratio of 0.05 to 0.08 are seen in Figs. 36, 37, 38 and 39. It can be seen in Figs. 37, 38 and 39 that the ground vortex moves backward and becomes stronger and more compact with increasing advance ratio. It can also be seen from Fig. 39 that the tip vorticity is being ingested by the ground vortex. Fig. 38 shows the ground vortex at an advance ratio of 0.07, and it can be seen that there are discrete vortical structures in the ground vortex. They appear to be the tip vorticity from the preceding blades that were rolled up in to the ground vortex.
H. Discussion
Apart from the flow field measurements and ground vortex location that can be used by computational studies for validation, this study highlights three important observations that help us in understanding ground effect operations of rotorcraft better. Firstly, it is clear that the vorticity from the tip vortex is incorporated into the ground vortex, which definitely negates the common opinion that the ground vortex is comprised of the downflow turning back on itself due to the effect of the freestream velocity. This also correlates with the strong 2 per rev component measured by the hotwire around the ground vortex at an advance ratio of 0.07, while the area behind the ground vortex is dominated by the 1 per rev component. This is because the tip vorticity is being incorporated into the ground vortex, thereby introducing a strong 2 per rev component into the ground vortex.
The second important issue is the strength of the ground vortex. No study has yet measured the strength of the ground vortex. This is crucial when computational approaches use vortex models. The strength of the ground vortex was found by integrating the vorticity in a closed boundary around the ground vortex. The strength of the ground vortex from this study was found to be 1.72 m 2 /s at an advance ratio of 0.08. Laser Doppler Velocimetry studies of this rotor found that the circulation of the tip vortex at its formation was 0.89 m 2 /s, 17 which reduced to 0.42 m 2 /s at a vortex age of 20
• . 18 The ground vortex is more than four times as strong as the tip vortex. The ground vortex appears to be a reservoir of vorticity that is added by the tip vortices. The ground vortex builds up its vorticity and then periodically sheds, which matches earlier observations and hotwire measurements done in this study. This would explain the "puffing" fluctuation that various authors have observed, who are cited in Chapter-1, and which was seen in the flow visualization portion of this study. Lastly, it can be seen that there are discrete vortical structures seen in the ground vortex. This compares well with the hotwire measurements around the ground vortex, where a strong 2 per rev component was measured.
I. Error Estimation
Errors in PIV measurements can be of five types. 15 They are:
1. Random error due to noise and other measurement uncertainties 2. Bias error due to sub-pixel interpolation 3. Gradient error resulting from rotation and deformation of the flow within an interrogation spot leading to loss of correlation 4. Tracking error resulting from the inability of a particle to follow the flow
Acceleration error caused by approximating the local Eulerian velocity from the Lagrangian motion of tracer particles
Out of these five, the last three cannot be avoided. They can only be minimized by careful planning, by optimizing the size of the particles and the pulse separation to give the best results for the flow condition. The steps that were taken to plan these aspects were outlined at the beginning of this chapter. It is also quite difficult to quantify the last three errors. As far as the bias error is concerned, it is manifested by a phenomenon called pixel locking, where the sub-pixel interpolation causes the velocity to be biased toward integer values of pixel shift. One way of preventing this phenomenon is to check the histograms of the pixel shift after each run to ensure that there is not a cluster around an integer value. This was carried out to obviate the possibility of this error. It has also been shown that bias error becomes sizable usually when particle image diameter ≤ 1 pixel. 15 Therefore, one can make a reasonable conclusion that this error is not sizable in this study.
It has been shown that random error scales with the particle image diameter 13 and is given by the relation in Equation. 2, where σ is the random error, d p is the particle image diameter and c is an empirical constant that usually lies between 0.05 and 0.10.
Thus for this experiment the random error ranged from 0.10 pixels in the best case (0.05 x 2 pixels) to 0.4 pixels in the worst case (0.10 x 4 pixels).
The total measurement error can be quantified with Equation. 3.
where W p is the maximum out-of-plane component of the flow velocity, U p is the maximum in-plane component of the flow velocity, Z is the light sheet thickness, M is the magnification, and σ i is the random measurement error in the image plane.
W and U were taken to be 15 m/s. This was a reasonable conclusion, since both the hotwire measurements and the preliminary PIV measurements indicated a maximum velocity of approximately 14 m/s. The light sheet thickness was maintained between 4 and 5 mm, and the magnification of the camera was 1/16. σ as already shown varied from 0.10 pixels in the best case to 0.4 pixels for the worst case. The pixel size was 4.65 µm. σ i therefore amounted to 4.65 × 10 − 6 × σ. Taking these factors into account, the measurement error in the best case was 0.46% and in the worst case was 1.86%. This amounted to an absolute error of 0.07 m/s and 0.26 m/s respectively based on a 15 m/s maximum velocity.
III. Conclusion
PIV measurements of the flowfield around a ground vortex at advance ratios between 0.05 and 0.08 was carried out. The flowfield was quantified and the precise location of the ground vortex was mapped. It was found that the ground vortex ingests vorticity from the tip vortex. The strength of the ground vortex was found to be more than 4 times the tip vortex value. Discrete vortical structures from the earlier tip vortices were also seen. Therefore the nature of the ground vortex is dominated by the accumulated vorticity from the tip vortices. 
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